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b) Internal erosion mechanism during overtopping
Saturated zone
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[Rajaratnam & Chamani (1995)]
[Chamani  Rajaratnam (1999)]
[Yasuda & Ohtsu (1999)]a
[Yasuda & Ohtsu (1999)]b



















Transition – Rajaratnam & Chamani (1995)
Transition – Yasuda & Ohtsu (1999)
Skimming – Rajaratnam (1990)
Skimming – Chanson (1994)
Skimming – Chamani &  Rajar tnam (1999)
Skimming – Yasuda & Ohtsu (1999)
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Equivalent clear water 
depth, Zw
I (Lm,i, Zi, Ci)
Aerated region
Wavy free surface
Wavy, rough and white 
free surface
ks













   4/@1*4






    " 
   
   
 	   
  		 








    
  	 

	 	  








     	 
 
 '  	 
   0 		 
 
   
	 
  
       !   
   *










   	 	 	












   
  
 	    % 



























   
 	 
     

  		  	 '  





    
 
  





























 	       	  "  

P














 V / +.>>?,Q9   

   








! 	  
 	 	 # 








   	

  # 













  	  


















   

























   *
 
/" =**)>
  R 
 
































































< ? ; = 33%>
$ 
     	 # 
   		R 	
 

























   +I;;,
$ 
	 
      		   	




      +
 
 ,   
 




 I;;  
 
 	
   
 
    
 

  	  
* IF 
 
   

 	
 $ 	 	


















* IF 		   








 	  *






	 %   
 	 
   2
  	     
$











   	 





































0 2 4 6 8 10 12 14 16
























[Chanson (1994)]           - Stepped slope
[Chamani (2000)]          - Stepped slope
[Matos (2000)]              - Stepped slope
[Boes & Hager (2003)] - Stepped slope
[Wood et al. (1983)]     - Smooth slope
∆Li/Li=31.5%
[  a)]        - t  l
i ]          - t  l
t  )]              - t  slope
   ]  - Ste ped slope
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[Boes (2000)]  
[Hager (1991)]
Uniform region according to Christodolou (1999)
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m = 1/3 – Third of the steps equipped with endsills
m = 1/2 – Half of the steps equipped with endsills
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f) Aligned alternated blocks
m = 5 – er=0.05
g) Close-packed alternated blocks
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Discharges ranging : Qw (l/s)   =[10-15-20-30-40-60-80-100-120-140]
qw (m2/s)=[0.02 – 0.28]
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Sensors for m=1/3, ½, 1
Sensors for m=5, 6 Dimensions in cm
Holes for sensors in the steps axis
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in the uniform 
region
Cross section in 
the developing 
region























in the uniform 
region
Cross sections in 
the developing 
region










Half steps equipped with endsill
For θ=18.6°, measuring at x=7.07m
zJetbox
Cross section 
in the uniform 
region
Cross section in 
the developing 
region








For θ=18.6°, measuring at x=5.38m



















   	
  







   

















	   

 @
 I;F +1   I..,  	
	  






















    




  	   $ 	 

	 
   	
  	 
   		 
0  '
#  	 
      	 	 
   	 
  
 
  		 	
 2












$   #   
 
 
	   













 		  
 #  

















    	
 
   
 















   
  
   + * ;;;;, 




   $  












   	
 




  	 

 /$# ! " #
,












	  	   
   
     	
  I; 1   
 
 




   
  " 
"
                    
 	   
		








    
  	 








  &    
  






	    
 	 
 !      

 X		=	
 	    		 
   




 	  	 '   
 
  		 
 	
 $ & 

 	 		   
 
/
   % 
 		 "# 
  




 +    	,  		   	
 	   

;>J




	   	
 
  	 '  
 
















V *	 +.>>>,Q 0   	
  	 '  +	  
,9

	   
     
  
    






    






  		   





















	    	
$
     




  	  ' 
 
 	
  	  		 	
 
 
  " ;<  
   
  




#   	 ' 	 

   
 &
  
  	 !  
  
 
   







of a small vortex
in the inner corner
Stagnation
zone
Stream lines quasi parallel
to the mean slope
Internal jet
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Existing relationships (Part III, Fig.8.2)
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[Chanson (1994a)]          - Stepped slope
[Chamani (2000)]            - Stepped slope
[Boes & Hager (2003a)] - Stepped slope
[Wood et al. (1983)]        - Smooth slope
Rough data for jetbox entrance
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Equivalent data for a 30° crestedstepped chute
Equivalent data for a 18.6° crested stepped chute
Eq.XXX - 30° slope
Eq. XXX - 18.6° slope
14.1
14.1
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Conventional steps - m=0    - xr/xs=1
Steps with endsills  - m=1/2 - xr/xs=2
Steps with endsills  - m=1    - xr/xs=1
Steps with blocks    - m=4   - er/br=1.5
Steps with blocks    - m=5   - er/br=1
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All the steps equipped with endsill (m=1)
Half steps equipped with endsills (m=1/2) - Step with endsill
Half steps equipped with endsills (m=1/2) - Step without endsill
Experimental relationship for m=0 and m=1 - Eq. XXX 
Experimental relationship for m=1/2 - Eq. XXX 
Equivalent 30° smooth chute [Hager (1991)]
Well-established skimming regime
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Pseudo -bottom for m=0
Equivalent pseudo -bottom for m=1/2
θ=30°
θ*=33.3°Configuration m=1/2
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hanson (2000b) for C
u =0.375
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ir concentration, c (-)
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 profile for c(z)<0.7 + E
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Dimensionless depth H90, (-)
Level of the pseudo-bottom
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Cu=0.497 – qw=0.035 m2/s
Cu=0.473 – qw=0.040 m2/s
Cu=0.462 – qw>0.060 m2/s
Smooth chute [Wood (1991)] for Cu=0.497 
Smooth chute [Wood (1991)] for Cu=0.473 
Smooth chute [Wood (1991)] for Cu=0.462
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Z90/hs - Conventional steps (m=0) - 30°
Z90/hs - Conventional steps (m=0) - 18.6° 
Boes & Hager (2003b) for Theta=30°

















































90,u/hs for conventional steps (m=0) - θ=30°
90,u/hs for conventional steps (m=0) - θ=18.6°
oes  ager (2003b) relationship for θ=30°
oes  ager (2003b) relationship for θ=18.6°
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Conventional steps - m=0
Half steps equipped with endsills - m=1/2
All steps equipped with endsills - m=1
Alterante blocks  - m=4
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Half steps equipped with endsills (m=1/2)
All steps equipped with endsills (m=1)
Steps equipped with spaced blocks (m=4)
Empirical relationship for m=0
Empirical relationship for m=1/2
Empirical relationship for m=1
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Fully developed region (x=7.2 m)
Fully developed region (x=5.4 m)
Fully developed region (x=5.64 m)
Partially developed region (x=2.18 m) 
Relationship Eq. XXX and XXX
Boes & Hager (2003a) 
6.4/1
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For H90≥1, no significant effect 
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Fully developed region (x=7.2 m)
Fully developed region (x=5.4 m)
Fully developed region (x=5.64 m)
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m=1 - x=5.38 m
Power law, Eq. 14.19
m=1/2 (endsill outer edge) – x=5.62 m
m=1/2 (endsill outer edge) – x=7.07 m
Power law, Eq. 14.25
m=1/2 (step outer edge) – x=7.19 m
Power law, Eq. 14.26
H90=0.3
H90=0.2
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Uw - m=1/2  (endsill outer edge)
Um - m=1/2 (endsill outer edge)
Uw - m=1/2 (step outer edge)
Um - m=1/2 (step outer edge)
Um - m=1/2 (step outer edge) - H90>0.30Uw for equivalent smooth slope
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Kinetic coef.  - m=0
Kinetic coef.  - m=1
Kinetic coef.  - m=1/2 (endsill corner)
Momentum coef. - m=0
Momentum coef. - m=1
Momentum coef. - m=1/2 (endsill corner)
α for smooth slope

























m=0    : αm=1.16
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Below the vortex impact (≈5 Hz)
Sxx (bar2/Hz)
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Localisation of the sensors:
a) Downstream face of the block
b) Chamfer
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First set of data
Second set of data
Third set of data
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Conventional steps - m=0 - ρ1 ≠ ρ2
Conventional steps - m=0 - ρ1 = ρ2
Alternate blocks - m=4 - ρ1 ≠ ρ2
Alternate blocks      - m=4 - ρ1 = ρ2
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Hr,i,m  up to Z90
H'r,i  up to Z'
Hr1 - With kinetic energy correcting coefficient
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Conventional steps    – m=0 – θ=30°
Conventional steps    – m=0 – θ=18.6°
Equivalent smooth chute      – θ=30°
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Conventional steps                  - m=0 
Third of the steps with endsills - m=1/3 
Half of the steps with endsills   - m=1/2 



































Every third step with endsill
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Conventional step - m=0 
Spaced alternate blocks - m=4
Aligned  blocks - m=5 
Dense blocks - m=6
Half steps equipped with endsills - m=1/2
Conventional steps      – m=0     – dr=0     - er/br=0
Half steps with endsills – m=1/2  – dr=1/16 - er/br=0
Spaced blocks            – m=4 – dr=1/20 - er/br=1.5
Aligned block              – 5     – dr=1/16 - er/br=1
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m=1/3m=0m=1 m=6 m=5 m=4
m=1/2m=4m=1/3m=0 m=6 m=1
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fwu (Darcy-Weisbach, Eq. XXX)   - Clear water flow
fmu (Darcy-Weisbach, Eq. XXX)   - Mixture flow
fu' (Darcy-Weisbach, Eq XXX)      - Effective flow
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0 1 2 3 4 5 6 7 8 9
Roughness Froude number F*,q (-)
f' 
(-)
Conventional steps     - m=0
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No air transport equation





No air transport equation - ρxx=1
Air transpo t with Sa=Eq. 19.1, Γ=1 - ρxx=1
Measured free surface
Air transport with Sa=Eq.19.1, Γ=0.25 - ρxx=1
Air transport with Sa=Eq.19.1, Γ=1 - ρxx=Eq.18.6
Air transport with Sa=Eq.19.1, Γ=1, β=1, no diff. term - ρxx=Eq.18.6
a)
b)
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Experimental relation [Boes (2000)]
Main flow direction
Cu
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Air transport with Sa=Eq. 19.1, Γ=1 - ρxx=1
Air transport with Sa=Eq. 19.1, Γ=1 - ρxx for recirculating cells only
Air transport with Sa=Eq. 19.1, Γ=1 - ρxx =Eq.18.6 with ρedge =1.088
Air transport with Sa=Eq. 19.1, Γ=1 - ρxx =Eq.18.6 with ρedge =4


























 	     (
 














    
 * ;KF 
   
  





 $ 	   










   	 	 







	   
    


















  2 
) 
     

 $ 	  "	
 
  	 	 
     

   		 
 $ 
  

















5.00 5.04 5.08 5.12 5.16 5.20 5.24 5.28 5.32 5.36








n=0.03 s/m1/3 and τbx without ρxx
n=0.03 s/m1/3 and τbx with ρxx
n=0.022 s/m1/3 and τbx with ρxx
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Measured free surface, qw=0.12 m2/s
Optimal computed free surface, qw=0.12 m2/s
Measured free surface, qw=0.16 m2/s
Optimal computed free surface, qw=0.16 m2/s
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) 30° slopping smooth chute - [Falvey 1990] 
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30° slopping smooth chute - [Falvey 1990]
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30° slopping smooth chute [Falvey 1990]
30° slopping smooth chute [Hager 1991]
18.6° slopping smooth chute - [Falvey 1990]
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30° slopping smooth chute - [Falvey 1990]
18.6° slopping smooth chute - [Falvey 1990]
Mean air concentration Mixture depth
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